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HYDRATE METABOLISM OF EPIDERMIS. I. OXIDATION
OF ACIDS OF THE CITRIC ACID CYCLE*
ROBERT D. GRIESEMER, M.D.I AND EDITH GOULD, B.S.
Intermediary carbohydrate metabolism embraces all the detailed enzymatic
reactions involved in the step-wise breakdown of glucose to carbon dioxide and
water within the cell. During this process, energy is released in a series of small
packets to be stored as energy-rich phosphate bonds, examples of which are
present in adenosine triphosphate (ATP) and creatine phosphate (1—5). The
cell depends to a great extent upon energy-rich phosphate bonds for the per-
formance of its vital functions, such as transport of substances against con-
centration gradients, as observed in absorption, secretion and maintenance of
osmotic pressure (6), muscle contraction (7), nerve impulse conduction, e.g.
generation of strong electric currents in electric eels (8), protein synthesis (9)
and emission of light in fireflies (10). Figure 1 shows a schematic outline of the
chief intermediary pathways of carbohydrate metabolism. While glycolysis (the
phase concerned with the degradation of glucose to pyruvate) produces only a
small portion of the total phosphate bond energy, respiration (the phase handling
the oxidation of pyruvate via the citric acid cycle) supplies a much greater
fraction of this energy (11, 12).
The respiratory enzymes which release this large fraction of energy have been
extensively studied in kidney, liver, muscle and other tissues whose respiratory
rate is rapid (4). These enzymes operate as highly organized systems which are
anatomically collected in the mitochondria (Figure 1). Arranged in this way,
they establish a smoothly functioning, highly efficient chain of reaction path-
ways known as the Krebs or citric acid cycle. Each reaction step in this cycle is
influenced by a specific enzyme. The specific enzymes are spatially situated so
that the reaction product of one enzyme becomes the substrate of the adjacent
enzyme. When a substrate diffuses near a mitochondrion, it encounters its
specific enzyme and is rapidly oxidized to carbon dioxide and water by means of
the whole complex of enzymes. Carbohydrates and fats must first be broken
down to two-carbon, "active acetate" fragments, which then condense with a
Krebs cycle substrate, oxalacetate, to form citrate. The latter is oxidized by the
rest of the cycle, being transformed during the process to cs-ketoglutarate,
succinate, fumarate, malate and finally back to oxalacetate, which is then
available for condensation with another "active acetate" molecule.
During most of the steps of the cycle, hydrogen is removed from the substrates
to accomplish their oxidation. This hydrogen is transported by carrier systems to
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FIG. 1. Schematic outline of the main intermediary pathways of carbohydrate metabo-
lism in the cell. Pyruvate is oxidized by being converted to "active acetate," which is
condensed with oxalacetate for complete oxidation to carbon dioxide and water via the
Krebs cycle enzyme complex contained within the mitochondria. 14 energy-rich phosphate
bonds are created for each mole of pyruvate oxidized in this manner.
oxygen to form water. The cytochromes are the most important carriers; being
soluble, cytochrome c lends itself to easy investigation and is, therefore, best
understood. Some workers believe that energy-rich phosphate bonds are created
during the transfer of hydrogen from substrate to Oxygen (4).
Amino acids may be oxidized by the Krebs cycle complex in several ways.
Preliminary transamination produces substrates which can be oxidized by the
cycle. Alanine is transformed to pyruvate. Proline and glutamic acid are oxi-
datively deaminated to a-ketoglutarate, which then enters the cycle.
Thus the mitochondria are the powerhouses of the cell, for they can oxidize
nearly all of the organic foodstuffs the organism ingests. The importance of the
respiratory enzymes contained within the mitochondria to accomplish this feat
can hardly be overestimated.
Bccause the skin has been neglected by many investigators in this field, we
have undertaken a study of the respiration of the epidermal cell as the point of
departure in a broader investigation of the sources of energy-rich phosphate
in the epidermal cell and of the role of this energy in the specialized functions of
epidermis, such as wound repair and keratinization. Moreover, detailed know!-
edge of the metabolic pathways of the epidermal cell is fundamental to the
quest for the pathogenetic mechanisms involved in cancer of the skin and in
dermatoses of unknown etiology.
Before a study of the intermediary pathways of respiration of the skin, i.e.
those comprising the citric acid cycle, could he started, many preliminary
experiments were required to establish for skin general background data which
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have been known for many years for other more widely studied tissues, such as
kidney. A satisfactory method for preparing the skin for study of these enzymes
had to be devised. The numerous factors incident to optimum in vitro respira-
tion of epidermis were unknown and had to be investigated carefully. They
include ionic environment, pH, gas phase, coenzymes and others. Finally, the
epidermis was studied for its capacity to oxidize substrates of the Krebs cycle.
EXPERIMENTAL METHODS
The skin used for all experiments in this report was obtained from adult,
male white rats weighing 200 to 300 grams, supplied by the Charles River
Laboratories, Boston, Massachusetts.
It is obvious that quantitative measurement of the respiration of epidermis
is scarcely possible in \vhole skin. The several morphologically and physiologically
distinct structures in the skin must certainly each have different metabolisms.
Structures whose functions are chiefly supportive and protective, such as collagen
and hair, are metabolically inert, while the epidermis, the secretory cells, and
the hair bulb and papilla demonstrate cycles of great activity and relative
inactivity (13). Moreover, the epidermis must have a large latent metabolic
capacity which is utilized only under conditions of stress, such as wound repair.
Separation of epidermis from the other structures in skin was clearly necessary
for this study.
Separation of epidermis from dermis
In the development of a practical procedure, several considerations had to take preced-
ence over morphological completeness of separation, namely the quantity of epidermis
obtained, the time required, and the degree of physical and chemical damage inherent in
the method. Time is important because the systems of enzymes in the mitochondria are in-
activated rapidly after death of the animal. Heat, freezing and chemical reagents also de-
stroy these enzyme systems (3). The methods currently available for separating epidermis
from dermis each had drawbacks so serious that none of them could be adapted to this
problem.
Heat has been used successfully for this separation, but there occurs a marked decrease
in oxygen consumption by epidermis (14). Chemical reagents, such as acetic acid, sodium
carbonate and ammoniuin hydroxide, are effective, but they also are destructive (14).
Dermatomes have proved impractical because of the time element. Sonic energy with fre-
quencies of 8,000 to 10,000 vibrations per second was totally ineffective in freeing epidermis
from dermis. While supersonic frequencies may be efficacious, the large amount of heat
and hydrogen peroxide produced by these frequencies would not be tolerated by respiratory
enzymes. A recent method for separating human epidermis by stretching whole skin (15)
proved ineffective in rats. Digestion by trypsin gives complete separation, but it is destruc-
tive of important enzymes.
We finally developed a simple, rapid, reproducible method. The rat is killed by a blow
on the head or by decapitation. All the body hair is manually plucked. The skin is incised
in the midline anteriorly from forelegs to hindlegs and then circumferentially at forequarters
and hindquarters. It is dissected from the underlying tissues and placed in ice cold 0.154 M
potassium chloride. With its epidermis up, the skin is spread out on a board and held by
thumbtacks. The epidermis is cleaned by rubbing it with cotton dipped in cold KC1. Shav-
ings of epidermis are easily scraped off using a safety razor, the handle of which is unscrewed
about one-quarter turn. These shavings are 90 to 150 micra thick and contain epidermis,
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FIG. 2. This shaving of rat epidermis (hematoxylin and eosin; X75) was scraped from
whole skin by a slightly open safety razor. This tissue can be homogenized easily in the
Potter glass homogenizer (see Fig. 3). The resulting homogenate was the tissue preparation
used in all experiments in this report.
a little dermis and some sebaceous glands and ducts, but no hair follicles or large blood ves-
sels (Figure 2).
Preparation of homogenates of epidermis
Previous investigators have studied the respiration of skin slices (16—18).
The more recently developed homogenate method of Potter and Elvehjem (19)
has not been applied extensively to the study of skin. Homogenates are made
by disrupting cell walls to release the particulate and soluble components of
protoplasm. There are several advantages to the study of cellular metabolism in
homogenates: I) Diffusion of substances into and out of cells is not a limiting
factor. 2) Individual enzyme reactions can be studied by first diluting out all
coenzymes and substrates and then restoring the substrate and coenzymes es-
sential to the enzyme reaction under consideration. The activity of individual
enzymes can he quantitatively measured by this maneuver. 3) Coordinated
enzyme systems also can be studied by adding certain coenzymes and substrates
while others are omitted. 4) By fractional centrifugation individual enzymes or
groups of enzymes can be localized to various parts of the cell: nuclei, mito-
chrondria, microsomes and supernatant. Thus segments of the enzyme fabric
can be identified, and integration of these fragments can eventually lead to a
complete characterization of the total cell metabolism. The evident disadvantage
of the homogenate method, namely the possibility of disruption of important
pathways in the complex of enzymes within the cell, must be temporarily
accepted.
The homogenizer consists of a thick-walled test tube (21 x 175 mm.) with a close fitting
glass pestle (19) (Figure 3). The pestle is a cylindrical bulb 50mm. long sealed to a 200 mm.
length of 6 mm. capillary tubing. The pestle is ground with carborundum in water until,
when tested with water, the test tube slowly falls off the pestle. The clearance is then about
0.1 mm. The pestle is turned by a cone-driven stirring motor or by a variable speed drill
press, while the test tube containing tissue and liquid medium is moved up and down on the
pestle. As the tissue passes between the pestle and test tube wall, it is subjected to a shear-
ing force which breaks the cell walls. Great care must he taken not to break the pestle stem
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FIG. 3. The Potter glass homogenizer consists of a thick-walled test tube and a cylin-
drical pestle with a capillary tube stem. A piece of rubber tubing is slipped over the tip of
the stem to avoid breakage when the chuck of the drill press is tightened. The scale is in
centimeters.
when collagen fibers and hair shafts bind the pestle to the test tube. Speeds of 200 to 600
r.p.m. can be used safely with the drill press.
Homogenates were prepared from thin shavings of epidermis scraped from rat skin in
the following manner: The shavings are minced with scissors, the resulting mince washed
into the homogenizer, and the volume brought to about 13 ml. with cold 0.154 M KC1. The
minced epidermis is ground for 3 minutes, during which period the test tube is immersed
in ice water to prevent destruction of enzymes by the heat from grinding. 30 to 35 minutes are
required from the killing of the rat to the end of the homogenization period. The homogenate
is kept in the ice bath until it is pipetted into the Warburg vessels.
Microscopic examination of the homogenates revealed only a few intact epidermal cells,
but many nuclei and much particulate matter.
/kteasurement of the rate of rcspiration of homogenates of epidermis
This was done according to classical methods, using Warburg constant volume
respirometers (20). The homogenates were buffered to pH 7.4 with 0.0125 M
potassium phosphate. The gas phase was air. The Warburg vessels were shaken
at the rate of 110 strokes per minute in a water bath at 37° C. The period of
temperature equilibration before the stopcocks were closed was 15 minutes.
The carbon dioxide produced during respiration was removed by 0.2 ml. 10 %
KOll absorbed on filter paper inserted in the center well of the Warburg cup.
Therefore, the change in gas pressure was due to utilization of oxygen.
Because of the extremely low rate of respiration of epidermis, manometric
readings were taken at 30 minute intervals for usually 3 to 4 hour periods.
Microliters of oxygen utilized \vere plotted against time (Figure 4). The slope
of the resulting curve, i.e. microliters of oxygen uptake per hour, is the rate of
respiration of the homogenate under study. The curves for nearly all
homogenates with no additional substances were linear for 6 to 7 hours. This
constant rate of respiration means that throughout the experiment the enzymes
remain stable and the amounts of endogenous substrates are in excess. Sometimes
the rate of respiration diminished gradually and the curve indicated first order
kinetics, a reaction rate obtaining when an enzyme is being inactivated or when
the amount of substrate falls below the maximum with which the enzyme can
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FTc. 4. Oxygen uptake curves of rat epidermis homogenates obtained under supposedly
identical conditions show variations. However, they are linear and parallel during the period
from j to 23' hours. See text for a detailed discussion.
react. Occasionally, a rather sharp break in the curve was observed at 2 hours.
Interpretation of this observation is difficult. In rare instances bacterial
contamination led to an abrupt increase in respiration after 3 hours. Figure 4
shows that these four different types of curves obtained under supposedly
identical conditions are, nevertheless, linear from ½ to 2½ hours. Therefore,
the slope of this portion of the curve was used to characterize the rate of respira-
tion of the homogenate under various conditions.
It is important to point out that the respiration occurring during the first
30 minutes may more accurately reflect the nature of the metabolism of epidermis
than the period of ½ to 2½ hours. But at the present time it is technically
impossible to obtain reliable data during the first 30 minute period of respiration.
A more sensitive, microrespirometer is required, and experiments to develop
such an instrument are now in progress.
Selection of a reference standard
A fundamental problem in biochemistry which remains unsolved is the
selection of a reference standard for a biological phenomenon to allow com-
parison of different animals. The ideal standard would be the single cell. Usually
quantitative measurements of enzymatic functions are referred to some general
feature of tissue, such as milligrams of dry tissue or milligrams of tissue nitrogen.
This has not always been a fortunate choice. Especially is this true for homo-
genates of epidermis, in which there is an enormous variation in the amount of
inert material such as collagen, hair shafts and stratum corneum. If the rate of
respiration of an homogenate he referred to its dry weight, a quotient, the
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Q02, is obtained, which represents the microliters of oxygen utilized per hour
per milligram of dry homogenate. If dry weight were a reliable standard, the
Q02's of homogenates of epidermis from a group of rats should be fairly constant.
Unhappily, there is great variation in Q02's in a large series of homogenates.
In 31 unselected experiments in which a different rat was used for each ho-
mogenate and only phosphate buffer was added to the homogenate, the average
Q02 was 0.173, with a standard deviation of
While dry weight is a rather poor reference standard, no other standard was
shown to be superior. Tissue nitrogen was not considered because it varied
directly with the dry weight and was, in addition, more time consuming. Deter-
minations of total nucleic acid phosphorous, ribonucleic acid and desoxyribo-
nucleic acid were made on the homogenates, because it is possible that the
amount of one of these substances may vary with the amount of respiratory
enzymes in the epidermal cell. But the experimental error was so great that
these substances proved to be poorer reference standards than dry weight.
Consequently, imperfect as it may be, dry weight became the most practicable
standard of reference.
Controls
In view of the wide variation in Q02's of the epidermis homogenates, it was
necessary to determine a control Q02 of the homogenate alone along with the
Q02 of the same homogenate plus the variable being investigated. When the
effect of the variable was not pronounced, it was advisable to make duplicate
observations on the control and on the variable. The difference between the
Q02 of the control and the Q02 of the variable was determined for several
animals, and the average of the differences calculated. The probability that this
average difference was due to chance alone was computed by means of Fisher's
test (21). A probability of less than 0.05 was considered statistically significant.
Source of reagents. Adenosine-5-phosphoric acid and sodium pyruvate were obtained
from Schwartz Laboratories, New York; cytochrome c from Sigma Chemical Company,
St. Louis; a-ketoglutaric acid and L-malic acid from Nutritional Biochemical Corporation,
Cleveland; succinic acid and citric acid from Merck and Company, Rahway, N. 5.;fumaric
acid and L-glutamic acid from Eimer and Amend, New York. Oxalacetic acid was prepared
from diethyl sodium oxalacetate (U. S. Industrial Chemicals, Inc.) by a method of Lip-
mann and Greene, Massacbusetts General Hospital, Boston.
RESULTS
Basal rate of respiration of homogenates of epidermis
In order to attain an optimum basal rate of oxygen uptake for each
homogenate, certain important conditions were investigated: ions, pH, gas
phase, enzyme concentration and others.
Ions. Potassium is present within most cells in high concentrations, while
sodium predominates in the extracellular spaces. Sodium increases the respira-
tion of tissue slices; but the metabolism of homogenates proceeds more favorably
in a potassium environment. This phenomenon occurs also in epidermis. Corn-
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parison of homogenates made from epidermis of the same rat but with water,
0.154 M NaC1 and 0.154 M KCJ showed these Q02's: NaC1 0.57, water 0.74,
and KC1 0.95.
Since inorganic phosphate is the basic structure used by the cell for storage
of energy released during oxidative processes, experiments were conducted to
find the optimum phosphate concentration. An additional feature of the phos-
phate is its buffer capacity at PH'S of physiological systems. A potassium phos-
phate buffer of 0.0125 M concentration in the final volume of the reaction
mixture in the Warburg vessel was discovered to yield maximum respiration
and at the same time to maintain a stable pH of 7.4 throughout the experi-
mental period. Higher concentrations of phosphate depressed the Q02 (Table 1).
Since succinoxidase, one of the citric acid cycle enzymes, is activated by
calcium and aluminum ions, the effect of these ions upon epidermis homogenates
was studied. It was found that the presence of both calcium and aluminum in
concentrations of 3.3 X i0 M or lower did not depress the Q02 (Table 2).
TABLE 1
Effect of phosphate concentration on 002 of homogenates of rat epidermis
All experiments were made in duplicate with the reaction mixture and under the condi-
tions shown in Table 5. While one component was varied, all others were held constant at
their optimum concentrations. The pH of the reaction mixture was taken at the end of the
experiment. M is the final molarity of the component in the reaction vessel. Q02 is the
microliters of oxygen utilized per hour per milligram of dry tissue.
CONCENTRATION 1.25 X M Q02 FINAL pH
1 2 Av.
0
1O
10
10—2
l0
1
1.01
1.13
1.12
1.52
1.67
0.58
1.33
1.33
1.62
1.82
1.69
0.62
1.17
1.23
1.37
1.67
1.68
0.60
7.44
7.43
7.39
7.36
7.35
7.40
TABLE 2
Effect of calcium and aluminum concentrations on 002 of homogenates of rat epidermis
Same experimental conditions as in Table 1. CaC12 and A1C13 were added separately and
simultaneously to the reaction mixture shown in Table 5.
CONCEN-
RATION
CaCI, AICI3 CaCI2 + A1C1,
QOl t02 Q02
1 2 Av. 1 2 Av. 1 2 Av.
0 0.68 0.73 0.71 0.40 0.49 0.45 0.54 0.62 0.58
106 0.38 0.48 0.43 0.58 0.58 0.5810 0.60 0.62 0.61 0.44 0.46 0.45 0.48 0.64 0.56
10-' 0.47 0.61 0.54 0.39 0.48 0.44 0.48 0.54 0.5110 0.53 0.60 0.57 0.16 0.26 0.21 0.25 0.27 0.26
102 0.11 0.25 0.18 0.05 0.17 0.11 0.02 0.08 0.05
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TABLE 3
Effect of pH and tissue concentration on QO of homogenates of rat epidermis
Same experimental conditions as in Table 1.
pH
Q02
TISSUE DRY WEIGHT—MG.
1 2 Av.
002
1 2 As'.
6.7 0.59 0.75 0.67 2.5 0.80 0.80 0.80
7.1 0.84 0.92 0.88 5.0 0.79 0.81 0.80
7.4 0.95 0.95 0.95 7.5 0.72 0.80 0.76
7.7 0.91 0.95 0.93 15.0
30.0
45.0
0.83
0.82
0.81
0.89
0.86
0.87
0.86
0.84
0.84
pH. Enzymatic activity is quite sensitive to the pH of the medium. Table
3 shows how the Q02 of homogenates of epidermis was influenced by pH.
Optimum activity was obtained at pH 7.4 with 0.0125 M phosphate buffer.
Gas phase. The percentage of oxygen and carbon dioxide in the gas phase of
the Warburg flask often influences oxygen uptake of various tissues. For instance,
brain homogenates respire more rapidly in 5 % CO2.
Homogenates of epidermis were studied in the reaction mixture shown in
Table 5 with 100% 02, air, and air with 5 % CO2 as the gas phases. The QO2
with air was nearly twice that with 100% 02: 0.59—0.36. Under both these
conditions all CO2 produced was immediately absorbed by the KOH in the
center well.
By means of Warburg's indirect method (20) it was possible to study oxygen
utilization with 5 % CO2 in the gas phase. No KOH was used in these deter-
minations. A desired CO2 tension in the gas phase can be maintained by adding
to the medium an amount of bicarbonate which can be calculated from the
Henderson-Hasselbach equation: pH = pK + log (HCO3/CO2). The con-
centration of bicarbonate in water needed to yield a pH of 7.4 and 5 % CO2
in air is 15 X 10 M; however, this concentration of bicarbonate raised the
pH of the reaction mixture of Table 5 to 8.1, because of bicarbonate retention
by the phosphate buffer and proteins of the homogenate. A concentration
of 3.5 X 10 M bicarbonate can be present in the reaction mixture without
raising the pH above 7.5. Homogenates respiring in the presence of 3.5 X 10 M
bicarbonate had the same QO2 as homogenates respiring in air in the absence
of bicarbonate. Therefore, in later experiments air was the gas phase, and
bicarbonate was not added to the medium.
Concentration of enzyme. The activity of an enzyme is directly proportional
to its concentration. Hence, the rate of respiration should vary with the con-
centration of epidermis in the homogenate, and when the rate of respiration
is referred to dry weight, the resulting QO2 should be constant for all concen-
trations of epidermis. However, for many respiratory enzymes a dilution effect
appears (22). This means that the Q02 of dilute enzyme suspensions is lower
than that of more concentrated suspensions, or that dilution of the eiizyme
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decreases its activity more than one would expect. The proposed explanation
of this fact is that with sufficient dilution the enzyme complex may dissociate
into fragments which are inactive, or are so dispersed that diffusion is limiting.
Serial dilutions of homogenates of epidermis failed to show a dilution effect;
the Q02 remained constant to the highest dilution with measurable respiration
(Table 3). Therefore, it was possible to use a variety of concentrations of epi-
dermis in the homogenates. The dry weight of epidermis scraped from a whole
rat skin averaged about 120 mg. The scrapings from a whole rat skin were
homogenized in about 13 ml. of 0.154 M KCI. This provided homogenate sufficient
for 12 Warburg vessels, allowing for each vessel 1 ml. of homogenate containing
about 10 mg. of epidermis by dry weight (corrected for KCI). The oxygen
uptake of this amount of epidermis, while not very large, can be measured
accurately during the experimental period selected, to 2 hours.
Cofactors. There are many coenzymes, carrier substances and other factors
which occupy important positions in the series of reactions involved in respira-
tion, yet their precise roles are not well understood. They are quite likely to
become limiting factors when the tissue is diluted first during homogenization
and later in the reaction vessel. Consequently, a systematic investigation of the
effect of the more common cofactors was undertaken. Cofactors which stimu-
lated respiration fell into two groups: A) those concerned with capturing energy
in the form of energy-rich phosphate, and B) those concerned with transport of
hydrogen to oxygen to form water (Table 4).
A) Magnesium ions and adenosine-5-phosphate (AMP) markedly stimulated
epidermis homogenates. This has been a rather common finding for many other
tissues. AMP can accept 2 energy-rich phosphate bonds to form adenosine
triphosphate (ATP). Concentrations of 3.3 X 10 M MgCI2 and 1.3 X 10 M
AMP provided maximal stimulation. ATP can be used in place of AMP, but
with no greater effect probably because of the rapid breakdown of ATP to AMP.
B) The hydrogen carrier cytochrome c was no longer rate limiting in con-
centrations greater than 3.3 X 10 M. Diphosphopyridine nucleotide, another
hydrogen carrier, had no significant effect on the homogenates.
TABLE 4
Effect of maqnesiim, adenosine-5-phosphate (AMP) and cytochrorne c concentrations on Q02
of homogenates of rat epidermis
Same experimental conditions as in Table 1.
MgCI, AMP CYTOCHROE C
Conc.
3.3 X M
QO
1 2 Av.
Conc.
1.3 X M
QO,
1 2 Av.
Conc.
3.3 X M
Q02
1 2 Av.
0 0.73 0.77 0.75 0 0.16 0.24 0.20 0 0.75 0.99 0.87
10
102
0.62
0.69
0.55
0.94
0.97
0.71
0.78
0.83
0.63
10
1O
1O
10_2
0.19 0.37
0.63 0.67
0.56 0.84
0.56 0.80
0.28
0.65
0.70
0.68
10
10
1O
1O
0.70
0.75
0.89
0.90
1.00
1.12
1.01
0.98
0.85
0.94
0.95
0.94
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TABLE 5
Reaction mixture for obtaining the optimum basal Q02 of homogenates of rat epidermis
nzl.
Epidermis homogenate in 0.154 M KC1 1.0
0.125 M Potassium phosphate pH 7.4 0.3
0.1 M MgC12 0.1
0.02 M Adenosine-5-phosphate (AMP) 0.2
0.001 M Cytochrome c 0.1
0.154 M KCI to make total volume 3.0
Air 37°C 15 minutes equilibration.
TABLE 6
Effect of optimum basal rate mixture on QO of homogenates of rat epidernsis
Homogenates were prepared in 0.154 M KC1. Q02 was measured in presence of 0.0125 M
phosphatebuffer and also in presence of the reaction mixture shown in TableS. The average
of duplicate determinations is reported. QOs is the difference between the average QOs's
under these 2 sets of conditions.
Q02 WITH OPTIMUM QOI WITH PHOSPHATE STATISTICAL ANALYSISRAT NO. BASAL RATE MIXTURE SUPPER ALONE OP DATA
1 0.500 0.130 +0.370 Mean QOs +0.417
2 0.572 0.087 +0.485
3 0.690 0.105 +0.585 S.E.M.
4 0.432 0.216 +0.216
5 0.390 0.150 +0.240 t, 6.974
6 0.613 0.220 +0.393
7 0.820 0.192 +0.628 P, <0.01
Basal rate reaction mixture. On the basis of these preliminary experiments
the reaction mixture shown in Table 5 was found to establish an optimum
basal rate of oxygen uptake in each experiment. In summary the phosphate is
needed to stabilize pH and to provide inorganic phosphate for transformation
into a high-energy state. Magnesium ions and AMP are concerned with capturing
and storing high-energy phosphate radicals. Cytochrome c is an important link
in the carrier system which transports hydrogen from substrate to oxygen to
form water. Tbe average Q02 of 185 homogenates studied under these basal
conditions was 0.587 with a standard deviation of
In Table 6 a statistical comparison of QOs's of homogenates plus only phos-
phate buffer with Q02's of the same homogenates plus the optimum basal
rate reaction mixture shows a significant stimulation of respiratory activity
of the homogenate by the added cofactors, namely 0.417.
Effect of substrates
The substrates metabolized by the complex of enzymes in the Krebs cycle
were tested separately for their stimulatory effect on the optimum basal rate
of respiration of the homogenates. In each experiment the QOs of the basal
rate reaction mixture was compared with that of the mixture plus a substrate.
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FIG. 5. An equal amount of the same homogenate was used in each Warburg vessel in
this experiment. The difference between the QOs of the basal reaction mixture plus substrate
and the basal Q02 represents stimulation of respiration by the substrate. QOs is microliters
of oxygen utilized per hour per milligram of dry tissue.
TABLE 7
Effect of 50 micromotes of various substrates on optimum basal QO of homogenates
of rat epidermis
zQOs is the difference between the QOs with the substrate plus the reaction mixture
shown in Table 5 and the Q02 of the reaction mixture alone. The AQO5's are averaged for
each substrate; they are treated statistically to determine whether the moan of AQO5's is
a significant difference.
P
Pyruvate 18 +0.0909 2.19 0.05
Oxalacetate 8 +0.400 11.59 <0.01
Citrate 4 0
a-ketoglutarate 9 +0.196 3.32 0.01
Succinate 7 +0.556 51.10 <0.01
Fumarate 7 +0.109 6.30 <0.01
Malate 8 +0.176 fi.87 <0.01
Glutamate 17 +0.0244 1.28 0.3—0.2
Figure 5 shows the results of a typical experiment in which was studied the
stimulatory effect of 50 micromoles of 3 substrates on the same homogenate.
The QOs's were as follows: basal rate 0.42, a-ketoglutarate 0.65, oxalacetate
0.95 and succinate 1.27, and the stimulation was +0.23, +0.53, and +0.85
respectively.
Table 7 contains a summary of data from similar experiments with Krebs
2 3
SOBS TRATE NO. OFANIMALS
MEAN OFQOs's
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cycle substrates. 50 micromoles of substrate were added in each case to the
experimental vessels. Stimulation of the homogenate by a substrate is shown
by the increase in experimental Q02 above the basal or control Q02 (+QO2).
The mean of the QO2's is recorded for each substrate and the t test applied to
determine whether this mean indicates a significant stimulation by the sub-
strate, i.e. a probability of less than 0.05. Significant stimulation was demon-
strated by oxalacetate, a-ketoglutarate, succinate, fumarate and malate.
Pyruvate was equivocal, while citrate and glutamate had no effect.
DISCUSSION
The observations made in these studies on the respiratory activity of ho-
mogenates of rat epidermis provide baseline information which has previously
not been available for epidermis. The concentrations of various ions, such as
potassium, chloride, phosphate and magnesium, which allow optimum respira-
tion have been established for these homogenates. Also a pH of 7.4, 1.3 X
10 M adenosine-5-phosphate and 3.3 X i0 M cytochrome c are required
for optimum oxygen uptake. The average optimum Q02 for epidermis ho-
mogenates was 0.587. This is quite iow, when compared with the Q02 of kidney
homogenates, which is about 30.
When various substrates are added to a medium containing all these factors
adjusted for optimum basal respiration, any increase in respiratory rate may
be taken as an indication that enzymatic pathways for the oxidation of these
substrates exist in these homogenates of rat epidermis. Other explanations for
this stimulation are ruled out by the fact that there is no oxygen uptake if the
homogenate is omitted from the reaction mixture plus substrate, or if the
homogenate is boiled for 10 minutes prior to incubation with substrate and
reaction mixture. Table 7 shows significant stimulation of respiration by sue-
cinate, oxalacetate, cr-ketoglutarate, malate and fumarate; thus enzymes for
oxidation of these substrates are present in epidermis homogenates.
Citrate and glutamate do not stimulate. The data for pyruvate are equivocal.
These observations do not necessarily mean that enzymes for disposing of
these substrates are lacking in epidermis. The search must be continued for
conditions which may demonstrate these enzymes.
Since pyruvate may be metabolized along several pathways, the cell may
utilize different pathways under different conditions; this dynamic state may
yield a variable oxygen uptake from homogenate to homogenate, depending
upon the conditions existing at the moment. To establish which pathways
may exist in epidermis, and to understand the conditions influencing them, a
study of the possible reaction products of pyruvate must be undertaken.
The data in Table 7 provide leads for further investigation. Assay methods
for enzymes which oxidize the five stimulatory substrates should be developed.
Those for succinoxidase and cytochrome oxidase have already been worked
out by Schneider and Potter (23), and we are applying them to epidermis
homogenates. A malic dehydrogenase-DPN-cytochrome c reductase assay has
been described (24). If several enzymes can be assayed in normal and ab-
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normal epidermis, any evident differences in enzyme content may suggest
avenues to follow in the investigation of the causes of skin diseases whose
pathogenesis is poorly understood.
Additional studies may be made with these homogenates with the hope
of discovering the details and interrelationships of the oxidative pathways in
epidermis, as well as the latent alternate pathways which may be utilized
only under stress or when a tissue becomes diseased. This requires quantitative
analysis of the homogenates for reaction products which theoretically may
arise from the substrates.
The fact that many of the Krebs cycle substrates do stimulate homogenates
of epidermis indicates the possibility of the existence of this cycle in epidermis.
Further support for this idea may be gained by demonstration of an increase
in concentration of the subsequent Krebs cycle metabolites. For example,
when succinate is oxidized, fumarate and malate should increase in concentration;
pyruvate should give rise to succinate.
It is possible to enhance the accumulation of reaction products by means of
inhibiting agents which block certain enzymes but allow the cycle to operate
up to the block. For instance, malonate which inhibits succinoxidase brings
about the accumulation of succinate from pyruvate, citrate or a-ketoglutarate
in kidney homogenates.
To facilitate this investigation, the substrates of the citric acid cycle may
be separated and quantitatively measured by chromatography using anion
exchange resins (25). A study of the reaction products of epidermis homogenates
by this method is now in progress.
The homogenate method described in this report lends itself also to a study
of the anatomical localization of various enzymes within the epidermal cell by
means of fractional centrifugation. Preliminary investigations along this avenue
suggest that succinoxidase occurs mostly in the so-called "mitochondrial"
fraction.
SUMMARY
There exists a need for a study of the intermediary pathways of carbohydrate
metabolism in epidermis; this would be the first step in the search for the source
of energy required for wound repair, keratinization and growth.
A method for approaching this problem has been outlined: it involves a study
of the metabolism of homogenates of rat epidermis prepared in the Potter-
Elvehjem glass homogenizer. The advantages of using homogenates for such a
study are noted.
Since respiration provides most of the energy in many tissues, this phase of
carbohydrate metabolism was studied in these homogenates.
The conditions for obtaining optimum basal respiration of epidermis ho-
mogenates are as follows: 1.0 ml. homogenate in 0.154 M KC1, 0.3 ml. 0.125 M
phosphate buffer pH 7.4, 0.1 ml. 0.1 M MgC12, 0.2 ml. 0.02 M adenosine-5-
phosphate, 0.1 ml. 1O M cytochrome c, and 0.154 M KCI to a total volume of
3.0 ml. Oxygen uptake was measured in Warburg respirometers with air as the
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gas phase at 37° C after temperature equilibration of 15 minutes. The Q02 of
homogenates under these conditions averaged 0.587 with a standard deviation
of
The addition of 50 micromoles of succinate, oxalacetate, a-ketoglutarate,
fumarate and malate each separately to the above reaction mixture caused a
significant stimulation of the basal Q02. Glutamate and citrate did not stimulate,
while pyruvate was equivocal.
The implications of these findings are briefly discussed.
The authors are most grateful to Dr. Chester N. Frazier and Dr. Irvin H. Blank of the
Department of Dermatology, Massachusetts General Hospital, and to Professor Irwin W.
Sizer of the Department of Biology, Massachusetts Institute of Technology, for their en-
couragement and helpful criticism of this work.
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DISCUSSION
DR. PETER FLESCH, Philadelphia, Pa.: This was a beautiful presentation
and there is only one question I would like to ask: What sort of homogenizing
medium was used? It makes a difference whether the homogenizing medium
is water or some isotonic solution.
The absence of citrate oxidation may be simply the result of homogenization.
In general, homogenates do not oxidize citrate and it is conceivable that if
slices or intact tissues were used, some oxidation of the citrate may occur.
DR. STEPHEN ROTHMAN, Chicago, Ill.: I wish to congratulate the presenter
on his fine work. I think he could have obtained much more homogenous ma-
terial and more consistent results had he used human skin from fresh surgical
specimens and separated the epidermis by the stretch method. The inability
of the skin to metabolize citric and isocitric acid was first demonstrated by
Barron et al. (J. Invest. Dermat., 11: 97, 1948). This indicates that the citric
acid cycle of Krebs does not function in the skin and would explain two peculiar
phenomena: 1) The accumulation of citric acid in the skin and 2) the great
vulnerability of the skin to vitamin deficiencies. Dr. Griesemer's work strongly
supports the contention that in the skin there is a short-cut carbohydrate
metabolism operating through the succinate-fumarate system only.
DR. PAUL GRoss, New York City, N. Y.: I too wish to congratulate the
presenters on their beautiful work and significant results obtained. Realizing
the enormous task involved in this investigation I would like to ask the authors
whether they had given consideration to the bacteriologic assay technic of
enzymes of biologic oxidation. Some ten years ago Miss Edith Runne and I
studied the co-dehydrogenases of the muscle in rats deficient in Pyridoxine, by
using Para influenca bacilli which require part of the coenzyme for growth. I
believe that this and other methods of enzyme and vitamin assays using the
bacteriologic technic would be applicable to skin biopsies.
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DR. ROBERT D. GRIESEMER (in Closing): I am very pleased that so many
members of the Society discussed this paper, because our field of investigation
seems to be rather remote from current research in dermatology. This response
means that the scope of interest of investigative dermatologists is expanding.
The method outlined in this report cannot be used by itself to determine
the relative amounts or activities of the various respiratory enzymes present
in the skin. This problem requires a study of the reaction products formed
by the various enzymes and correlation of this information with oxygen utiliza-
tion occurring simultaneously. In epidermis such an approach is particularly
difficult because only small amounts of oxygen are utilized and small amounts
of reaction products released.
As yet we have no information regarding the existence of the Krebs cycle in
epidermis. Dr. Barron's paper (J. Invest. Dermat., 11: 97, 1948) provided no
support for the idea of a cycle of enzymes in skin. Rather, succinoxidase ap-
peared to be the most active respiratory enzyme. Our data also showed this.
While neither Dr. Barron's group nor ours has been able to demonstrate oxida-
tion of certain Krebs cycle substrates, this does not mean that the Krebs cycle
is absent from skin. Actually, more work may uncover the proper conditions
and methods for demonstrating these enzymes.
The homogenizing medium for our epidermis homogenates was 0.154 M KC1
because NaC1 depressed the Q02 of water homogenates while KCI stimulated.
In summary, I should like to point out that our investigation can proceed
in two directions: 1) a comprehensive study of the detailed mechanisms of
respiratory enzyme systems in the skin and 2) assay of normal and abnormal
skin for amounts of respiratory enzymes with the hope of discovering differences
which may provide leads to follow in the search for the pathogenetic mechanisms
existing in skin diseases whose etiology is unknown.
